The infectious agent of the disease anthrax is the spore of Bacillus anthracis. Bacterial spores are extremely resistant to environmental stresses, which greatly hinders spore decontamination efforts. The spore cortex, a thick layer of modified peptidoglycan, contributes to spore dormancy and resistance by maintaining the low water content of the spore core. The cortex is degraded by germination-specific lytic enzymes (GSLEs) during spore germination, rendering the cells vulnerable to common disinfection techniques. This study investigates the relationship between SleB, a GSLE in B. anthracis, and YpeB, a protein necessary for SleB stability and function. The results indicate that ⌬sleB and ⌬ypeB spores exhibit similar germination phenotypes and that the two proteins have a strict codependency for their incorporation into the dormant spore. In the absence of its partner protein, SleB or YpeB is proteolytically degraded soon after expression during sporulation, rather than escaping the developing spore. The three PepSY domains of YpeB were examined for their roles in the interaction with SleB. YpeB truncation mutants illustrate the necessity of a region beyond the first PepSY domain for SleB stability. Furthermore, site-directed mutagenesis of highly conserved residues within the PepSY domains resulted in germination defects corresponding to reduced levels of both SleB and YpeB in the mutant spores. These results identify residues involved in the stability of both proteins and reiterate their codependent relationship. It is hoped that the study of GSLEs and interacting proteins will lead to the use of GSLEs as targets for efficient activation of spore germination and facilitation of spore cleanup.
B
acterial spores from the Bacillus and Clostridium genera are metabolically dormant and are known for their extreme resistance to heat, desiccation, UV radiation, chemicals, and other insults (1) (2) (3) . These resistance properties allow spores to survive in the environment for extended periods and have made eradication from contaminated sites incredibly difficult (4) . Spore dormancy and wet heat resistance are largely dependent on spore core dehydration, which is maintained by a thick layer of modified peptidoglycan (PG) known as the cortex (2, 5) . While vegetative cell wall PG consists of alternating N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) sugars, approximately 50% of NAM residues in the cortex are converted to muramic-␦-lactam, while an additional portion of the NAM side chains is generally cleaved to a single L-alanine (6) (7) (8) (9) (10) (11) .
The spore form of Bacillus anthracis is the etiological agent for all types of anthrax infections: inhalational, gastrointestinal, and cutaneous anthrax, as well as the newest form described, injectional anthrax (12, 13) . When the spore senses the availability of nutrients, such as when it enters a suitable host, germination is triggered, causing a chain of events that ultimately result in a vegetative cell capable of producing deadly toxins (1, 12) . After germinant contact with receptors at the spore inner membrane, the spore releases its large pool of Ca 2ϩ -dipicolinate (Ca 2ϩ -DPA) stored in the core, which becomes partially rehydrated through an influx of water (1). This is followed by cortex depolymerization, allowing the spore core to rehydrate to levels necessary for metabolism to resume (14) . Spore germination concomitantly results in the loss of resistance properties; thus, triggering this process at a high efficiency is a potentially attractive approach to spore decontamination.
Cortex degradation during spore germination is accomplished by germination-specific lytic enzymes (GSLEs) already present within the dormant spore (15, 16) . These enzymes exhibit specificity for PG containing the muramic-␦-lactam modification, ensuring that only the cortex PG is broken down (17) (18) (19) (20) (21) . Bacillus anthracis contains the four GSLEs SleB, CwlJ1, CwlJ2, and SleL; SleB and CwlJ1 are partially redundant enzymes responsible for the majority of cortex hydrolysis (22) (23) (24) (25) . SleB or CwlJ1 alone is sufficient for cortex hydrolysis, and the absence of both proteins results in spores that are unable to degrade the cortex and complete germination (23) (24) (25) . Identical roles for SleB and CwlJ have been demonstrated in Bacillus subtilis (26) (27) (28) and Bacillus megaterium (29) . CwlJ2, a homolog of CwlJ1, appears to play a minor role at best during B. anthracis spore germination, while SleL further breaks down PG fragments first generated by SleB and/or CwlJ1 (20, (22) (23) (24) (25) .
The arrangement of sleB upstream of ypeB in an operon is highly conserved across Bacillus species and in a few Clostridiales species possessing sleB (16, 23, (30) (31) (32) . In the Bacillus species examined, SleB and YpeB are expressed from the forespore under the control of G during sporulation and are then translocated across the inner membrane by way of their N-terminal signal sequences (28, 30, 33, 34) . Unlike the YpeB signal sequence, which is not predicted to be cleaved, the SleB signal sequence is removed during sporulation, and SleB is present in its mature form within the dormant spore (28, 30, 33, 35) . The uncleaved signal sequence likely anchors YpeB to the inner membrane, an idea supported by a study with B. subtilis that found both SleB and YpeB associated with the inner membrane of the spore (26) . The same study, as well as work with Bacillus cereus, placed SleB and YpeB at a second location near the outer region of the cortex (26, 30) . Not only do SleB and YpeB appear to localize within the same regions of the spore, but it has been demonstrated in B. subtilis that YpeB is required for SleB activity and for stable incorporation of SleB into the spore (26, 34) . Additionally, the relationship appears to be mutual, such that SleB is also needed to stabilize YpeB (36) .
Far more is known about the structure and function of SleB than about those of YpeB. At the N terminus of the mature protein, SleB has a PG-binding domain (pfam01471), while the C terminus contains a catalytic domain (pfam07486) (21, 28, 33, 37) . As anticipated, the N-terminal domain plays the dominant role in PG binding; however, the C-terminal domain appears to be responsible both for the lytic transglycosylase activity of SleB on cortex PG and for its specificity for muramic-␦-lactam (21, 37, 38) . Mutational analysis and crystal structure determination of the SleB C-terminal domain in B. anthracis (39) and B. cereus (38) have revealed a conserved catalytic glutamate residue and a unique substrate-binding cleft thought to mediate specificity for cortex PG. Apart from its signal sequence, the only recognizable features of YpeB are the three putative PepSY domains positioned in the C-terminal 60% of the protein (40) . These domains are best characterized in the M4 family of metallopeptidases, where the PepSY domains serve as intramolecular inhibitors of protease activity until the protease is secreted from the cell (40) . Like a large number of other proteins containing PepSY domains, YpeB does not show homology with proteases; thus, the function of the PepSY domains in YpeB and the other proteins constituting this group is unknown (40) .
The current study investigates the relationship between SleB and YpeB in B. anthracis and demonstrates the contribution of the PepSY domains to this interaction. The data solidify the codependent nature of this relationship and reveal that SleB and YpeB are each rapidly degraded following expression in the absence of the other protein. The C terminus of YpeB containing the PepSY domains is critical for the stability and function of SleB, and certain highly conserved residues within the PepSY domains are important for the stability of both proteins. By understanding GSLEs and regulators of their activity, it may be possible to trigger germination at the stage of cortex hydrolysis, resulting in cells that are readily killed.
MATERIALS AND METHODS
Bacterial strains and general growth conditions. The strains and plasmids used in this work are listed in Table 1 . All B. anthracis strains used in this study are derived from the Sterne strain 34F2 and were grown at 37°C in brain heart infusion (BHI; Difco) with 5 g/ml erythromycin or 10 g/ml tetracycline where appropriate. B. anthracis strains maintaining pBKJ236-derived plasmids extrachromosomally were incubated at 25°C. Following plasmid integration into the chromosome (at 42°C in most instances), these strains were grown at 37°C. Escherichia coli strains were grown in LB at 37°C with antibiotics (500 g/ml erythromycin or 100 g/ml ampicillin for strains involved in plasmid propagation; 30 g/ml chloramphenicol and 50 g/ml ampicillin for strains used in protein overexpression).
Mutant construction. The sequences of all primers used during plasmid construction are listed in Table S1 in the supplemental material. All plasmids created were verified by DNA sequencing. To create a ⌬ypeB strain, ypeB and approximately 500 bp flanking each side of the gene were PCR amplified from the B. anthracis chromosome. The PCR product was inserted into vector pBKJ236 (41) by digestion with the restriction enzymes SacII and NotI and ligation of the DNA to create pDPV388. Inverse PCR of the plasmid using primers with BglI restriction sites at the 3= ends resulted in a linear PCR product with the majority of ypeB deleted, leaving only three codons from each end of the gene. Subsequent BglI digestion and ligation of the PCR product formed pDPV392. This plasmid, containing the ypeB deletion, was introduced into B. anthracis by using the markerless gene replacement strategy as described previously (41) . Gene deletion was verified by PCR amplification and sequencing.
The sleB complementation strain published previously (DPBa57) contains an extrachromosomally maintained pBKJ236 derivative with full-length sleB (pDPV346) (23) . In order to ensure efficient plasmid partitioning into the forespore during spore formation and thus achieve more-complete complementation of the deletion phenotype, pDPV346 was integrated into the ⌬sleB chromosome by shifting the temperature to 42°C. Plasmid integration through homologous recombination just upstream of the sleB deletion in the chromosome was verified with PCR, and this new sleB complementation strain was designated DPBa134. To create a ypeB complementation plasmid that includes the native promoter, PCR was performed using the ⌬sleB chromosome (23) as the template. The resulting PCR product contained the promoter region for the sleB operon, followed by the ⌬sleB region, ypeB, and approximately 500 bp downstream of ypeB. The DNA fragment was cloned into pBKJ236 by digestion with NotI and ligation to form pDPV416. This ypeB complementation plasmid was introduced into the ⌬ypeB strain of B. anthracis via conjugation as done in the initial stages of the markerless gene replacement procedure (41) . Subsequent plasmid integration within the 500-bp homologous region downstream of the ypeB deletion in the chromosome was achieved by shifting the temperature to 42°C and was verified by PCR.
YpeB truncation and internal deletion mutations were designed by using InterPro (42) to predict the locations of PepSY domains and the Protean application of Lasergene, version 10.0 (DNAStar), to choose truncation/deletion sites on the basis of high residue surface probability and residues not predicted to disrupt protein secondary structure. For the truncation mutations, inverse PCR of the ypeB complementation plasmid was performed using sets of two primers. The tails of the forward primers contained codons encoding a hexahistidine tag followed by a stop codon and a BglII restriction enzyme recognition sequence. The tail of the reverse primer used to create all the truncation mutants also had a BglII site added. The linear PCR products from inverse PCRs were digested with BglII and were ligated in order to recircularize the plasmids, generating pDPV421 through pDPV424. The internal deletion mutations were constructed using overlap extension PCR (43), followed by restriction-free cloning (44) to insert the PCR products into the plasmid encoding full-length YpeB with a Cterminal His 6 tag (pDPV424). The YpeB truncation and internal deletion plasmids were moved into the ⌬ypeB strain of B. anthracis and were integrated into the chromosome as described above. The 500-bp homologous region following ypeB in pDPV416 was removed during inverse PCR to create pDPV421 through -424; thus, these plasmids were inserted into the ⌬ypeB chromosome through homologous recombination upstream of sleB, as confirmed by PCR.
In order to predict residues of the YpeB PepSY domains that might be important for protein-protein interactions, the PepSY domain sequences from B. anthracis YpeB were aligned with a PepSY domain consensus sequence (45) , other PepSY domain sequences (40, 45, 46) , and the YpeB PepSY domain sequences from other Bacillus species by using Clustal W sequence alignment software (47) . Based on these alignments, highly conserved residues were identified as targets for mutagenesis. Site-directed mutagenesis by overlap extension PCR (43) was used to create point mutations in ypeB. The resulting PCR products were cloned into the ypeB complementation plasmid pDPV416 by using restriction-free cloning (44) . Successful plasmid construction was verified by screening for the gain or loss of a restriction site in ypeB that was designed as part of the mutagenic primers, followed by DNA sequencing. Plasmids were mobilized into the ⌬ypeB strain of B. anthracis and were integrated into the chromosome downstream of the ypeB deletion as described above for the ypeB complementation plasmid.
Spore preparation and decoating. B. anthracis strains were sporulated in modified G broth (48) with appropriate antibiotics at 37°C with aeration. After 3 to 4 days, dormant spores were harvested by centrifugation and were repeatedly washed with deionized water. Any remaining vegetative cells were heat killed at 65°C for 25 min. Spores were further purified with a 50% sodium diatrizoate (Sigma) gradient as described previously (49) . Decoated spores were prepared by suspending up to 30 optical density (OD) units of spores in 1 ml decoating solution (50 mM Tris-HCl [pH 8], 8 M urea, 1% SDS, 50 mM dithiothreitol [DTT] ). The spores were incubated at 37°C for 1 h and were then centrifuged at 8,000 ϫ g for 1 min to remove the decoating solution. The decoating procedure was repeated, followed by five washes with 1 ml deionized water at room temperature. Untreated (native) and decoated spores were stored in deionized water at 4°C until analysis.
Spore and sporangium sample preparation for Western blotting. Following spore purification, 7.5 to 10 OD units of dormant, native spores were pelleted, frozen at Ϫ80°C, and lyophilized. Dried spores were mechanically disrupted with 100 mg 0.1 mm glass beads and 20 pulses of 30 , tetracycline resistance. b Strains were constructed by conjugation or electroporation. The plasmid name precedes the arrow, while the recipient strain designation follows the arrow. Single strain designations indicate that the existing plasmid was integrated into the chromosome. s each at 4,200 rpm by using a Wig-L-Bug bead beater. Samples were placed on ice between pulses. Proteins were extracted from the broken material by adding 10 l/OD unit of 1ϫ sample loading buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 5% ␤-mercaptoethanol, 0.05% bromophenol blue) and heating to 100°C for 5 min. Extracts were centrifuged at 15,800 ϫ g for 1 min, and volumes of supernatants derived from equal starting OD units of spores were used for Western blot analysis.
Strains grown in modified G broth with appropriate antibiotics were monitored spectrophotometrically until the OD at 600 nm (OD 600 ) indicated that the cells had entered stationary phase. This time point, termed t 0 , coincides with the initiation of sporulation, and t 2 through t 6 designate 2 through 6 h, respectively, past t 0 . At t 2 through t 6 , 10-ml sporangium samples were collected and were centrifuged at 10,000 ϫ g for 10 min at 4°C. Pellets were resuspended in 1 ml of 8 mM NaPO 4 (pH 7.0) and were centrifuged at 15,800 ϫ g for 1 min. The resulting pellets were flash frozen in liquid N 2 and were lyophilized. Lyophilized sporangia were broken with glass beads, and proteins were extracted as described above, except that 100 l of 1ϫ sample loading buffer was used. Supernatants of protein extracts were used for Western blotting. The average OD 600 measured for a particular strain from t 2 through t 6 was used to adjust sample loading between strains.
Germination assays. To assess the rate of spore germination and outgrowth, decoated spores were heat activated at 70°C for 30 min and were quenched on ice for 5 min. Heat-activated spores were diluted to an OD 600 of 0.2 in liquid BHI medium at 37°C to initiate germination, and the change in OD 600 was measured over time. For germination efficiency assays, decoated spores at an OD 600 of 0.2 were heat activated at 70°C for 20 min and were quenched on ice. Heat-activated spores were serially diluted in deionized water, plated onto BHI medium without antibiotics, and incubated at 37°C overnight. Colonies were counted to determine CFU/OD unit values. Unpaired, two-tailed Student t tests with unequal variance were used for statistical analyses of germination assays.
Protein expression and purification. The ypeB gene lacking the first 20 codons was amplified by PCR and was inserted into a modified version of pDEST-HisMBP (50) containing a tobacco etch virus (TEV) cleavage site (pDEST-HisMBP-T) by using restriction-free cloning (44) . The resulting plasmid encoded an N-terminally His 6 -tagged maltose binding protein (MBP) and YpeB , separated by a TEV cleavage site. Successful plasmid construction was verified by sequencing. The His 6 -MBPYpeB 21-446 fusion protein was overexpressed in E. coli BL21(DE3) [(DE3) pLysS Cm r ] (Novagen) grown at 37°C until the OD 600 reached 1.0, at which point isopropyl-␤-D-thiogalactopyranoside was added to a final concentration of 1 mM and the culture was incubated at 10°C for an additional 16 h. Cells were harvested by centrifugation at 10,000 ϫ g for 10 min at 4°C, and the pellet was resuspended in 5 ml/g buffer A (50 mM NaCl, 50 mM Tris-HCl [pH 7.5], 5% glycerol, 30 mM imidazole). Resuspended cells were lysed by sonication for 15 min and were then centrifuged at 117,000 ϫ g for 1 h at 4°C. The fusion protein in the soluble fraction was purified using a Ni-Sepharose HisTrap HP affinity column (GE Healthcare) equilibrated with buffer A. The protein was eluted with a linear gradient of 30 to 500 mM imidazole in buffer A, and the elution fractions were dialyzed in buffer A. The fusion protein was digested with 1 mg His 6 -tagged TEV(S219V) protease (51) per 7 mg fusion protein at 15°C for 16 h, and the mixture was centrifuged at 117,000 ϫ g for 20 min at 4°C to remove any precipitated protein. The cleavage of the fusion protein was verified by SDS-PAGE. YpeB was purified from His 6 -MBP and His 6 -TEV by using a second Ni-Sepharose HisTrap HP affinity column as described above. SleB was overexpressed and purified as described previously (21) .
Antibody preparation and Western blot analysis. Polyclonal antiSleB and anti-YpeB antibodies were raised in rabbits (Open Biosystems) using purified SleB (21) or YpeB . SleB, YpeB, and derivatives were detected in Western blots on Amersham Hybond-P (polyvinylidene difluoride [PVDF]) membranes (GE Healthcare) by using BM Blue POD substrate, precipitating (Roche), for colorimetric detection. Primary antiSleB and anti-YpeB antibodies were generally used at 1:1,000 and 1:3,000 dilutions, respectively. Horseradish peroxidase (HRP)-conjugated secondary goat anti-rabbit antibodies (Bio-Rad) were used at a 1:200,000 dilution. Western blot quantification was performed using Image Lab software (Bio-Rad). While efforts were made to ensure that the total protein load was identical for each strain, there is the inherent possibility of slight variations stemming from unequal protein extraction between samples and unequal sample loading. To account for experimental error, relative values were normalized using a highly reproducible non-YpeB background band detected in all strains, including the ⌬ypeB strain. Similarly, SleB band intensities were normalized using a background band present on anti-SleB immunoblots.
RESULTS
Germination of ⌬ypeB mutant spores. As previously reported by Heffron et al., a homolog of the B. subtilis ypeB gene (57% identity; 77% similarity) exists as part of a putative tricistronic operon at locus BAS2561 in the B. anthracis chromosome (23) . The ypeB homolog is the second gene in the operon; it is preceded by sleB (BAS2562) and followed by the BAS2560 open reading frame (23) . BAS2560 shows homology to the B. subtilis genes encoding the lipoproteins YlaJ and YhcN; YlaJ is an uncharacterized spore protein, and YhcN plays an unknown role in spore germination or outgrowth (23, 52, 53) . In this study, a deletion of the ypeB gene (BAS2561) in the B. anthracis chromosome was made using the markerless gene replacement strategy (41) . The effects of this ypeB deletion, and those of an sleB deletion, are not due to polar effects on the expression of BAS2560, because (i) a BAS2560 deletion results in no change in spore germination, and specifically in SleB activity (data not shown); (ii) as shown below, all effects of a ypeB deletion can be complemented by the ypeB gene alone; and (iii) as shown below and by Heffron et al. (23) , all effects of an sleB deletion can be complemented by sleB alone.
In assays in which purified spores were germinated in BHI medium and the change in the OD 600 measured over time, the germination phenotype of ⌬ypeB spores was essentially identical to that of ⌬sleB spores (23) . This could be seen in assays using native spores, in which ⌬ypeB and ⌬sleB spores produced a shallower germination curve, indicative of a slightly less efficient germination response, and also showed a lower rate of outgrowth (data not shown). The germination defect in ⌬ypeB and ⌬sleB spores alike was more pronounced in assays using decoated spores, where the other GSLEs localized to the outer periphery of the spore are removed or inactivated, and SleB alone is responsible for cortex hydrolysis during germination (Fig. 1A) . Both ⌬ypeB and ⌬sleB decoated spores proceeded through stage I of germination similarly to wild-type spores, where the initial OD decreases as the spores take up water and release their large deposits of Ca 2ϩ -DPA. Decoated wild-type spores continued to lose nearly half of their initial OD as the cortex PG was degraded during stage II of germination, followed by an increase in OD as germination was completed and outgrowth into vegetative cells began. Conversely, germination was arrested for decoated ⌬ypeB and ⌬sleB spores at the stage of cortex hydrolysis; ⌬ypeB and ⌬sleB spores never lost more than 34% of their initial OD and did not proceed to outgrowth (Fig. 1A) . This germination deficiency is also illustrated in spore plating efficiency assays, where decoated ⌬ypeB and ⌬sleB spores showed Ͼ10 4 -fold reductions in the ability to germinate and form colonies on a rich medium from that of wildtype spores (Table 2) . A wild-type germination phenotype in terms of both germination rate and plating efficiency assays was achieved using spores from a ypeB complementation strain (DPBa113 [ypeB ϩ ]), in which ypeB, provided on a plasmid downstream of its native promoter, was integrated into the ⌬ypeB chromosome. High-performance liquid chromatography (HPLC) analyses of muropeptides collected during spore germination revealed the complete absence of the SleB-specific lytic transglycosylase products identified by Heffron et al. (23) in both ⌬sleB and ⌬ypeB spores, while these peaks were restored during the germination of ypeB ϩ spores (data not shown). In agreement with the results observed from a ypeB deletion in B. subtilis (34, 36) , these results indicate that YpeB is necessary for the lytic activity of SleB on spore cortex PG in B. anthracis.
Stability of SleB and YpeB in spores and sporangia. Not only is YpeB needed for SleB activity, but Western blotting of ⌬ypeB spore extracts demonstrated that YpeB is also required for the incorporation of SleB into the spore (Fig. 2) . SleB was essentially not detected in ⌬ypeB spore extracts, and this could be complemented. As in B. subtilis (36) , this relationship is mutual: SleB was also needed for the stable incorporation of YpeB into the spore (Fig. 2) . Immunoblots of ⌬sleB spore extracts revealed significantly diminished levels of YpeB when SleB was absent, which could also be complemented. Miniscule levels of SleB and YpeB detected in Western blots of ⌬ypeB and ⌬sleB spores, respectively, could be attributed either to expression of the proteins during spore formation followed by rapid proteolysis in the absence of the stabilizing partner or to escape of the proteins from the developing spore. The former proposal is supported by Western blot analyses of whole-sporangium samples taken throughout sporu- Wild-type (), ⌬sleB (ᮀ), ⌬ypeB (OE), and ypeB complementation (ypeB ϩ ) (᭜) strains were analyzed. The germination rates of ⌬sleB and ⌬ypeB spores were statistically indistinguishable (P Ͼ 0.23), as were the germination rates of wild-type and ypeB ϩ spores (P Ͼ 0.08). Both ⌬sleB and ⌬ypeB spores were significantly different (P Ͻ 0.04) from wild-type and ypeB ϩ spores during stage II of germination, from 45 (Fig. 3) . In wild-type and ypeB ϩ strains, significant amounts of SleB and YpeB were detected beginning 3 h after the initiation of sporulation (t 3 ) (Fig. 3A and B) . This is consistent with the findings of previous ␤-galactosidase activity assays performed in B. anthracis, which show that sleB transcription reaches its peak near t 3.5 (23) . During spore formation in a ⌬sleB or ⌬ypeB strain, some YpeB or SleB, respectively, could be seen at t 3 and t 4 but was not strongly detected thereafter (Fig. 3A and B) . The expression of YpeB at t 3 and t 4 coincided with the production of large quantities of two YpeB-specific degradation products in ⌬sleB sporangia (and to a lesser degree in wild-type and ypeB ϩ sporangia [data not shown]), indicating that the protein was degraded immediately following its expression (Fig. 3C) . Specific SleB degradation products were not observed during the sporulation of any of the strains tested (data not shown). The protease(s) responsible for the degradation of SleB and YpeB during spore formation is unknown. Elimination of SpoIVB, which is known to be active in the forespore intermembrane space in B. subtilis (54, 55) , had no effect on the stability of SleB in the absence of YpeB (see Fig. S1 in the supplemental material). Elimination of BAS5314 (HtrC), which in B. subtilis is expressed in the forespore and possesses a signal sequence/membrane anchor (56), had no effect on the stability of SleB and YpeB in the absence of the partner protein (C. B. Bernhards, Y. Chen, H. Toutkoushian, and D. L. Popham, unpublished data).
Analyses of YpeB PepSY domain truncation mutants. InterPro (42) predicted the presence of three PepSY domains in B.
anthracis YpeB from residues 218 to 282, 291 to 358, and 375 to 436. To assess the individual contributions of the three putative PepSY domains located at the C terminus of YpeB, strains expressing truncated forms of YpeB with a C-terminal His 6 tag were constructed. Plasmids expressing YpeB from its native promoter were integrated into the ⌬ypeB chromosome; the resulting strains expressed YpeB with no PepSY domains (YpeB 1-208 -His 6 ), one PepSY domain (YpeB 1-283 -His 6 ), two PepSY domains (YpeB 1-368 -His 6 ), or all three PepSY domains (full-length YpeB) (YpeB 1-446 -His 6 ). In decoated-spore germination rate assays in liquid BHI medium and in decoated-spore plating efficiency assays, spores containing YpeB with no, one, or two PepSY domains were similar to ⌬ypeB spores (Fig. 1B and Table 2 ). Like ⌬ypeB spores, these spores containing truncated versions of YpeB were arrested during germination and showed a Ͼ10 3 -fold reduction in plating efficiency in the case of the YpeB 1-208 -His 6 mutant, but generally a Ͼ10 4 -fold decrease. The reason for the similarity was revealed in Western blots of dormant spore extracts, which show that YpeB is unstable in many of the truncated forms (Fig. 4A) . In fact, YpeB and SleB were both stable only in strains possessing all three YpeB PepSY domains. In spores with highly unstable YpeB (YpeB 1-208 -His 6 and YpeB 1-368 -His 6 ), SleB was also unstable, as anticipated (Fig. 4A) . Interestingly, although YpeB with only the first PepSY domain (YpeB 1-283 -His 6 ) appeared somewhat stable in the antiYpeB Western blot, SleB was unstable (Fig. 4A ), and these spores had germination phenotypes like those of ⌬ypeB spores (Fig. 1B and Table 2 ). This suggests that the C-terminal region of YpeB, more specifically a region beyond the first PepSY domain, is critical for SleB stability and thus for spore germination. 6 and YpeB ⌬156 -203 -His 6 are not; however, SleB was not stably incorporated into spores of any of these internal deletion strains (Fig. 4B) . Even YpeB ⌬25-203 -His 6 , which appears to accumulate in dormant spores to levels similar to those of full-length YpeB (YpeB 1-446 -His 6 ), failed to stabilize SleB. Thus, the N-terminal half of YpeB, likely a region between residues 67 and 203, must also play a role in stabilizing SleB.
Analyses of YpeB PepSY domain point mutants.
As an alternative approach to studying the PepSY domains while attempting to maintain YpeB stability, site-directed mutagenesis was performed on selected highly conserved residues within the three PepSY domains. Y254 within the first PepSY domain, Y329 in the second PepSY domain, and T377, Y410, and G430, all in the third and last PepSY domain, were selected to be individually changed to alanine. Spores with YpeB Y329A or YpeB T377A showed no significant decrease either in the germination rate in liquid BHI medium or in plating efficiency from ypeB ϩ spores (Fig. 1C and 5 ). Spores with YpeB Y254A or YpeB G430A showed a delay in germination, reaching their lowest ODs 40 min and 50 min later than ypeB ϩ spores, respectively (Fig. 1C) . While YpeB Y254A and ypeB ϩ spores each lost 59 to 60% of their initial ODs, YpeB G430A spores had a shallower germination curve, losing 51% of their initial OD (Fig. 1C) . Both YpeB Y254A and YpeB G430A spores showed slight but significant (P Ͻ 0.007) decreases in plating efficiency, but Ͻ10-fold reductions in the CFU/OD values were seen (Fig. 5) . The most dramatic effect on spore germination was seen for YpeB Y410A spores, which showed a significant delay in germination and a shallower germination curve (Fig. 1C) . YpeB Y410A spores lost only 50% of their initial OD, and this point was reached 105 min after ypeB ϩ spores lost 59% of their initial OD (Fig. 1C) . YpeB Y410A spores also showed a significant decrease (P Ͻ 0.004) in their ability to form colonies on BHI plates, with a nearly 100-fold reduction (Fig. 5) .
The trend seen for the YpeB point mutants in germination rate and plating efficiency assays was mirrored by the levels of YpeB and SleB seen in Western blots of dormant spore extracts (Fig. 5) . Relative YpeB band intensities for each strain were computed by comparison to the YpeB band from the ypeB ϩ strain. Similarly, SleB band intensities relative to the SleB band G430A , and ypeB complementation (ypeB ϩ ) spores were broken, and extracted proteins were analyzed by Western blotting with anti-SleB (␣-SleB) or anti-YpeB (␣-YpeB) antibodies. Band intensities were quantified and are depicted as the levels of YpeB (open bars) and SleB (shaded bars) present in spores, relative to the native protein levels found in ypeB ϩ spores, which were set at 100%. Spores of the same strains were heat activated, serially diluted, and plated on BHI medium. Following incubation, colonies were counted, and the percentages of native CFU/OD values (striped bars) were determined by comparison to the CFU/OD value for ypeB ϩ spores, which was set at 100%. Plating efficiency and Western blot quantification data shown are averages from three independent spore preparations; error bars represent the standard deviations. The Western blots below the graph show representative results from one of the replicates.
detected in ypeB ϩ spores were determined. The strains that appeared most similar to ypeB ϩ spores in germination rate and plating efficiency assays (the YpeB Y329A and YpeB T377A strains) contained 101 and 99% of the YpeB protein levels and 102 and 93% of the SleB protein levels detected in ypeB ϩ spores, respectively. Likewise, YpeB Y254A and YpeB G430A spores, which showed minor defects during the other assays tested, possessed 69 and 75% of native YpeB levels and 70 and 65% of native SleB levels, respectively. Immunoblots of dormant YpeB G430A spore extracts also revealed the presence of two stable YpeB-specific degradation products (not shown) similar to those observed during the sporulation of a ⌬sleB strain (Fig. 3C) . Among the point mutants, the lowest levels of the two proteins were seen for YpeB Y410A , with YpeB levels equivalent to 60%, and SleB levels equivalent to 40%, of those found in ypeB ϩ spores. This corresponds well with the more severe deficit in germination phenotypes demonstrated by YpeB Y410A spores. While the correlation between YpeB and SleB band intensities was not perfect, the trend was quite clear: YpeB abundance, SleB abundance, and the germination rate decreased in concert in all strains tested.
DISCUSSION
This study investigated the relationship between SleB and YpeB in B. anthracis for the first time. In agreement with findings for B. subtilis (34) , the germination of decoated ⌬sleB and ⌬ypeB spores of B. anthracis was blocked after the initial steps, these spores exhibited a Ͼ10 4 -fold decrease in colony-forming ability, and lytic transglycosylase products were absent in germinating spores, confirming that YpeB is needed for the lytic activity of SleB on cortex PG in vivo. The current work clearly demonstrates that not only is YpeB required for SleB incorporation into the dormant spore, as in B. subtilis (26, 36) , but YpeB has a reciprocal requirement for SleB. This mutual dependency was also discovered recently using a B. subtilis strain that expressed YpeB ectopically in a cwlJ sleB ypeB mutant background (36) . In that strain, YpeB was detected in Western blots of spore inner membrane fractions only if SleB was also expressed (36) . It should be noted that since only the inner membrane fraction was analyzed in those immunoblots, it is possible that the absence of SleB resulted in the mislocalization of YpeB. The Western blotting procedure in the present study utilized entire spore extracts derived from strains in which sleB or ypeB was deleted or expressed from the native operon. Thus, these results provide more-conclusive evidence that YpeB is indeed absent in ⌬sleB spores. Furthermore, it is demonstrated that in the absence of the stabilizing partner, SleB and YpeB are expressed and degraded during early sporulation, rather than simply failing to localize within the developing spore.
Li et al. suggested that both the N-and C-terminal domains of YpeB (YpeB N and YpeB C ) are necessary for SleB lytic activity during spore germination, since a B. subtilis strain deficient in cwlJ, sleB, and ypeB and ectopically expressing an individual ypeB domain (encoding YpeB N or YpeB C ) with full-length sleB (encoding SleB FL ) could not complement the germination defect in these spores (36) . While these results were hampered by an inability to determine if YpeB N or YpeB C was stably incorporated into the spore, Li et al. did demonstrate that the C terminus of YpeB fused to its signal sequence (memseg-YpeB C ) was stable yet could not complement the defect when expressed with SleB FL , indicating that the N terminus of YpeB is needed (36) . The results obtained in the current study when stretches of residues between the YpeB signal sequence and the PepSY domains were deleted support the necessity of a region within the N-terminal portion of YpeB. This critical region occurs within the area spanning residues 67 to 203, since YpeB ⌬67-203 -His 6 was moderately stable in the dormant spore yet could not stabilize SleB. Deletions of regions corresponding to the PepSY domains at the C terminus of YpeB also add to what is known about the portions of YpeB needed for SleB stability. While many of the truncated YpeB variants were unstable, YpeB 1-283 -His 6 , which contained the first predicted PepSY domain, was moderately stable, yet SleB was not detected in Western blots, and the germination phenotypes resembled those of ⌬ypeB spores. These results clearly show that a region beyond the first YpeB PepSY domain is also essential for SleB stabilization. Taken together with the findings by Li et al. (36) , they demonstrate that both the N terminus and the PepSY domain-containing C terminus of YpeB are required for stable incorporation of SleB into the spore.
In studies of the effects of ypeB point mutations on SleB stability and function, the codependency between the two proteins observed in ⌬sleB and ⌬ypeB spores was reinforced. There was a strong correlation between the SleB and YpeB protein levels within the spores of individual strains, and protein abundance matched well with observed germination phenotypes. This intrinsic codependency becomes a complicating factor in determining which YpeB residues are actually important for the interaction with SleB and which are just important for proper YpeB folding. In the former scenario, alteration of a residue mediating the interaction between YpeB and SleB would destabilize the interaction, resulting in decreased levels of both proteins. In the latter scenario, a mutation affecting YpeB protein folding would likely decrease YpeB stability, subsequently decreasing the stability of SleB. Residue Y410 of YpeB clearly plays a large role in YpeB and SleB stability, and this residue is one of the most highly conserved across PepSY domains (40, 45) . While the Y410A substitution had a large effect on spore germination, the tyrosine residues at similar positions in the other two PepSY domains did not prove to be as important. The Y254A substitution in the first PepSY domain resulted in a milder spore germination defect, and the Y329A replacement in the second PepSY domain produced spores that germinated equally as well as ypeB ϩ spores. Additionally, of the three mutations made in the region encoding the third PepSY domain of YpeB, two resulted in observable phenotypes, indicating the relative importance of this domain. The three ypeB point mutations that produced phenotypic changes (Y254A, Y410A, G430A) affect residues that are 100% conserved in an alignment of YpeB proteins from 13 Bacillus species, while those mutations that produced no phenotypic changes affect less-conserved residues. This could suggest that the three PepSY domains are unequal, with the third being the most crucial but the first also playing a role. Without an alternative means of stabilizing YpeB and SleB in vivo, e.g., via inhibition of proteolysis within the developing sporangium, further in vivo genetic study of the relationship between these proteins is difficult.
Analysis of YpeB point mutants also indicated that reduced amounts of SleB in spores not only resulted in reduced germination rates but also hindered the ability of spores to complete outgrowth and form colonies. A similar phenomenon was evident in B. subtilis cwlJ sleB mutants expressing sleB ectopically in addition to a low level of ypeB expression through apparent readthrough of an sleB insertion mutation (36) . While the amounts of SleB and YpeB present in the spores of these B. subtilis strains were not explicitly quantified, immunoblots clearly showed reductions in SleB and YpeB levels. The same spores exhibited a Ͼ50% decrease in colony-forming ability (36) . One might expect that even limited quantities of SleB within a given spore would allow the spore to germinate, albeit at a lower rate. This finding may suggest heterogeneity within a population of dormant spores from an individual mutant strain with respect to the absolute SleB levels present or the portion of SleB capable of being activated.
The simplest explanation for how SleB and YpeB are able to stabilize each other is that the two proteins interact physically, yet no such direct interaction has been demonstrated. Li et al. did not observe an interaction using in vitro affinity pulldown assays involving various forms of B. cereus and B. megaterium SleB and YpeB purified from E. coli and Lactococcus lactis (36) . Similarly, in conjunction with the work presented here, affinity pulldown assays were performed using His 6 -MBP-YpeB or His 6 -MBPYpeB and untagged SleB , and reciprocally, His 6 -MBPSleB and untagged YpeB . No interaction between SleB and YpeB was observed (data not shown). A logical explanation for the lack of in vitro interaction is that if SleB and YpeB do indeed physically interact, the interaction likely occurs during spore formation as the proteins are coexpressed and translocated in their unfolded forms across the inner forespore membrane via the Sec pathway. Thus, the proteins may need to be cotranslocated and/or cofolded, or, as postulated by Li et al., a membrane might be necessary for the interaction to occur (36) . Protein coexpression is likely not the only variable missing from the equation, since assays performed using cell extracts from E. coli in which SleB and YpeB were coexpressed still failed to show an interaction between the two proteins (36), although it is feasible that the N-terminal affinity tags on both proteins impeded an interaction.
Since YpeB does not have any homologs of known function, one of the major clues for determining the precise nature of the relationship between SleB and YpeB may lie in the PepSY domains at the C terminus of YpeB, which this study has demonstrated are important. While these domains have an unknown function in many proteins, they have been found in the propeptide region of M4 class proteases and function as inhibitors of protease activity (40) . Another potential model, where SleB and YpeB do not bind and YpeB instead forms an inhibitory interaction with the protease(s) responsible for SleB degradation in the absence of YpeB, fails to explain how SleB stabilizes YpeB. It is possible that PepSY domains are capable of inhibiting a broader range of enzymatic activities, since they belong to a superfamily of bacterial protein domains sharing a ␤-lactamase inhibitor protein (BLIP)-like fold (45) . Members of this superfamily have been associated with various inhibitory roles, including inhibition of ␤-lactamases, and have also been proposed to mediate protein-protein interactions (45) . The potential for PepSY domains to inhibit enzymatic activities outside their known niche makes YpeB a prime candidate for a way in which SleB is held inactive in the dormant spore. It has been demonstrated in B. subtilis that YpeB is cleaved during spore germination (26) ; such cleavage could release SleB from the inhibitory interaction with YpeB, thereby activating SleB for cortex degradation. Recent in vitro experiments using various forms of exogenous SleB and YpeB from B. cereus have demonstrated inhibition of SleB activity in the presence of YpeB (36) . While the in vitro experiments performed by Li et al. (36) support an inhibitory role for YpeB, more work is needed to further elucidate the relationship between SleB and YpeB. Such studies should aim to clarify the function of the PepSY domains and the mechanism by which YpeB, and specifically YpeB N , is able to inhibit SleB activity. YpeB processing during germination should also be investigated to determine if this event is required for SleB activation or is merely part of the process whereby unneeded spore proteins are broken down and recycled for new protein synthesis during outgrowth.
